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ABSTRACT 

The r ea l  (c,) and imaginary ( e 2 )  par t s  of the d i e l e c t r i c  

response function, together w i t h  the energy loss function 

I m ( l / e ) ,  of f reshly cleaved s i n g l e  c rys t a l s  of NaCl and K C 1  were 
A 

obtained i n  the region 5-28 eV by Kramers-Kronig analysis d n e a r -  

normal-incidence reflectance spectra. Data were obtained over the 

e n t i r e  region a t  room temperature, and from 5-11 eV a t  77. K. The 

low temperature spectra of both materials reveal a de f in i t e  d i s -  

0 

t inc t ion  between exciton and interband spectra. Fine s t ruc ture  

corresponding t o  the n = l  and n=2 members of the r 1 5 ( 3 / 2 )  and 

rl 5 
spec t ra l  resolution of 2 A ' .  

interband t rans i t ions  has been largely exhausted below 15 eV i n  

(1/2) exciton se r i e s  were clear ly  resolved a t  7 7 O ~ ,  using a 

The o s c i l l a t o r  strength available for  

both materials,  and the reflectance and d i e l e c t r i c  response have 

low magnitudes a t  higher energies. Plasma resonance e f f ec t s  occur 

i n  both materials, and were ident i f ied from the I m ( l / € )  function. 
A 

The opt ica l  data are i n  good agreement with d i r ec t ly  measured 

electron energy losses. 

The € *  spectrum of NaCl bears strong resemblance t o  tha t  

of MgO, and an attempt was made t o  analyze the observed s t ructure  

i n  terms of a band-structure similar t o  t h a t  calculated for  MgO. 

On t h i s  basis ,  nearly a l l  of the main spectral  features  below 14 eV 

could be ident i f ied  i n  terms of d i r ec t  interband t rans i t ions .  
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St rong  t r a n s i t i o n s  producing M edges w e r e  a s s igned  t o t h e  symmetry 

p o i n t s  r, L and X. 
0 

~ 

A peak a t  1 1 . 2  e V  r e s u l t s  from near-degeneracy 

of the A5 + \ and x4 
energy d i r ec t  t r a n s i t i o n  (r 
0.07 e V  a t  77OK. 

El t r a n s i t i o n s .  The band-gap f o r  the lowest- 

+ r,) w a s  e s t ima ted  t o  be 8.97 2 15 

The spectrum of K C 1  i s  more complex than  t h a t  of  

NaC1, because of the low-lying d - l ike  s t a t e s  i n  the conduction- 

band s t r u c t u r e .  

a s s o c i a t e d  wi th  it ( e x c i t e d  from X s ' )  produces the temperature-  

dependent peak a t  9.38 2 0.03 eV ( 7 7 O K ) .  

l i e s  a t  8.69 & 0.07 e V  a t  77'K, and the remainder of  the a n a l y s i s  

The X3 l e v e l  l i e s  below X1, and the e x c i t o n  

The band-gap (r15+ rl) 

i s  analogous t o  t h a t  f o r  NaCl and MgO. 
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Electronic Spectra of Crystalline NaCl and K C 1  

D. M. Roessler and W. C. Walker 

University of California, Santa Barbara 

1. Introduction 

The recent success of combined studies of electronic spectra 

and psuedopotential band structure calculations, in deriving the 

electronic structure of a variety of solids, has generated interest 

in extending the method to ionic materials. In particular, the 

excellent agreement between experimental spectra and psuedopotential 

calculations obtained for MgO * 
studying related alkali halides such as NaCl and KC1.  

1 

shows clearly the importance of 

Intrinsic electronic spectra of both NaCl and K C 1  have been 

obtained previously by a variety of investigators using several 

techniques. Recent thin film transmission measurements on the 

alkali halides have included work on both materials at 80°K 

at l O o K  '. 
recently, by means of reflectance techniques,?' 

spectral features now appear to be rather well established, at 

least in the region of the lowest-energy electronic transitions. 

and 

The bulk crystals have also been studied in detail 

and the basic 



For maximum usefulness in combination with psuedopotential 

calculations however, the main features of the complex dielectric 

response function, € 8  must be known with an energy resolution of 

about 0.1 eV over as wide an energy range as possible, usually 

at least up to 10 eV beyond the threshold. 

technique to date for obtaining such data consists of resolving 

the near normal-incidence-reflectance spectrum from freshly cleaved 

crystals into the real and imaginary parts of by dispersion 

relation analysis. In order to reduce the lifetime broadening of 

A 

Perhaps the most useful 

A 

important spectral features for materials in which excitons are 

prominent, reflectance spectra at temperatures well below the 

Debye temperature of the crystal are required. 

In the present work, near-normal-incidence reflectance 

spectra of freshly cleaved NaCl and KC1 were obtained at 300°K 

from 5-28 eV and at 77OK from 5-12 eV. The data were analyzed 

for € = € 

Kronig relation which has been described elsewhere. 

A 

+ ic2 by a particular application of the Kramers- 1 
7 

An important result of this study is a detailed confir- 

mation of the strong similarity between the spectrum of MgO 

and NaCl which had been suggested earlier by Roessler.* 

of this similarity an analysis nearly identical to that of 

Because 

MgO was found to explain the NaCl spectrum in some detail. 

Psuedopotential calculations give essentially this same conclusion. 
9 

Although the spectrum of KC1 is more complex than that 

of NaCl the analogy with MgO can still be used to explain many 

of the features. 
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The additional features of the KC1 spectrum were found 

to derive from a distinct lowering of the d-like X3 state 

compared to that of NaCl and the introduction of an X point 

exciton from the resulting X' - X3 edge. 5 

2. Exnerimental Procedure 

Bulk crystals of both materials were obtained from the 

Harshaw Chemical Company and, in addition, some of the KC1 

surfaces examined were prepared from a zone-purified crystal 

obtained from the Westinghouse Electric Corporation. The use of 

freshly cleaved surface minimizes the likelihood of obtaining 

reflectance not intrinsic to the material, and the internal 

evidence from the present data is that surface contamination was 

negligible. 

Ultraviolet radiation at photon energies below 15 eV was 

provided by a hydrogen-discharge, while extension of the 

measurements to 28 eV was achieved by use of a pulsed high-voltage 

discharge in argon. Further details of the apparatus have been 

The experimental measurements of the given elsewhere. 10,11 

reflectance are accurate to about 3% below 15 eV, but only to about 

10% in some regions beyond 15 eV, as estimated from the scatter of 

the original data points and the reproducibility of the spectrum. 

The derived parameters, el and c 2 ,  have andditional uncertainty 

due to the approximation used in the Kramers-Kronig analysis. 

This has been discussed in detail elsewhere' and becomes important 

only beyond about 26 eV. 



- 7 -  

In order to maintain the high vacuum necessary to prevent 

contamination of the samples at 77"K, a lithium fluoride window was 

used to seal off the reflectometer from the monochromator system, 

and this limited the low temperature measurements to the energy range 

below 12 eV. 

I 

I 

During the reflectance measurements on the KC1 crystals 

certain luminescence features were observed at excitation energies 

near 7 eV., i.e., to the low-energy side of the intrinsic absorption 

edge. These effects occurred only temporarily, following the 

cooling of the samples from 300°K to 77OK, and could not be 

detected after the crystals had been at 77OK for more than 10 I 

minutes. This feature was not investigated in detail, but it is 

unlikely that its occurrence (possibly due to thermal strain 

effects or bromine impurity centres) should be considered relevant to 

discussion of the intrinsic spectrum. 

3 .  Results and Discussion 

The room temperature reflectance spectra for NaCl and 

KC1 are shown in Figs. 1 and 2 respectively. In the region below 

14 eV, the solid line refers to the data obtained by means of the 

hydrogen discharge. Above 14 eV, the solid curve, in both spectra, 

represents the best fit to data obtained from the argon discharge. 

In the latter case, the data points are shown by the solid circles 

and indicate the experimental scatter. In the case of NaC1, the 

only comparable data beyond 12 eV are the thin film transmission 

measurements of Metzger,'* which extend to 21 eV and are in fair 
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agreement with the present data. Other reflectance measure- 

ments 5813814 below 12 eV are in good agreement, both in magnitude 

and position of spectral features, with' those shown here. Philipp 

and Ehrenreich15 me'asured the reflectance of KC1 as far as 2 3  eV, 

and obtained substantially similar features to those shown here. 

Below 13 eV, the prominent peaks in Fig. 2 also appear strongly in 

other reflection6'13814 and data. The temperature 

dependence of the low energy spectrum, i.e., below 12 eV, is shown 

in Figs. 3 and 4 where the splitting of the lowest energy peak is 

clearly resolved in both crystals. 

As emphasized in the preceding section, the reflectance is 

only of indirect interest, and the Kramers-Kronig relation pre- 

viously mentioned was used to generate the dielectric parameters, 

cl and €2. In particular, structure in c 2  can be related directly 

to singularities in the joint density-of-states for interband 

transitions. The discussion to follow will therefore be based 

primarily on the c 2  spectrum. For convenience, the 

ture nearest the lowest-energy absorption edge will 

exciton struc- 

be discussed 

first. 

A .  Edge Structure 

The Coulomb interaction in alkali halides is manifested 

by the appearance of exciton states in the electronic spectra. 

Typical of exciton features are the strong temperature-dependence 

and sharpness of the peaks, as  compared to interband structure. 

These characteristics are readily apparent in Figs. 3 and 4, and 

can also be easily recognized in the derived c 2  spectra shown in 

Figs. 5 and 6. 
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Care fu l  s t u d i e s  have r e c e n t l y  been made i n  Japan 5 , 6  of 

t h e  r e f l e c t a n c e  s p e c t r a  of  N a C l  and K C 1  below 1 2  e V  and a t  t e m -  

p e r a t u r e s  down t o  1O0K.  The r e s o l u t i o n  of  the work pe rmi t t ed  a 

d e t a i l e d  examination of the line-shapes and temperature-dependence 

of  t h e  e x c i t o n s ,  and ou r  d i s c u s s i o n  of the e x c i t o n  f e a t u r e s  w i l l  

therefore be b r i e f .  

The l o w e s t  energy peak i n  both s p e c t r a  i s  due t o  t h e  

c r e a t i o n  of an e x c i t o n  r8 the c e n t e r  of the B r i l l o u i n  zone. The 

h i g h e s t  va l ence  band i n  a l k a l i  h a l i d e s  i s  formed p r i m a r i l y  from 

atomic p - s t a t e s  of  the h a l i d e  ion,  and i s  s p i n - o r b i t  s p l i t  e f f e c -  

1/2 l e v e l s .  I n  a d e t a i l e d  d i s c u s s i o n  o f  t i v e l y  i n t o  j = / 2 8  j = 

t h i s  phenomenon, Knox and Inchauspe17 p r e d i c t e d  minimum v a l u e s  f o r  

such s p l i t t i n g s ,  i n c l u d i n g  a va lue  of  0.103 e V  f o r  a l k a l i  c h l o r i d e s .  

The room-temperature r e f l e c t a n c e  d a t a  fo r  NaCl e x h i b i t  a peak a t  

7.725 - + 0.025 e V  w i t h  a shoulder  a t  7 .82  2 0.03 e V .  A t  770K8 the 

s p i n - o r b i t  s p l i t t i n g  produces components a t  7.94 2 0.01 e V  and 

8.09 - + 0.01 ev. 

r e so lved  a t  77OK i n t o  components a t  7.92 5 0.01 e V  and 

8.03 - + 0.01 e V .  

0 .02 e V ,  i n  good agreement with theo ry .  For  KC1,  the 7.66 eV 

r e f l e c t a n c e  peak (300OK) i s  s p l i t  a t  77OK i n t o  m e m b e r s  a t  

7.75 - + 0.01 e V  and 7.90 

the 300°K peak a t  7.59 2 0.02 g i v e s  components a t  7.735 - + 
0.015 e V  and 7.845 - + 0.015 ev a t  77OK. AS i n  N ~ C I ,  the sp in-  

o r b i t  s p l i t t i n g  i s  0.11 2 0.03 e V ,  and t h i s  therefore cor responds  

3 

I n  c 2  (Fig.  5)# the 7.75 e V  peak a t  300°K i s  

The s p l i t t i n g  a t  7 7 O K  i s  t h e r e f o r e  0.11 - + 

0.01 e V .  The c 2  spectrum i s  s i m i l a r ;  
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t o  the valence-band s p l i t t i n g  a t  r15. 
are t igh t ly-bound i n  a l k a l i  h a l i d e s ,  there i s  evidence f o r  

Wannier-l ike series o f  e x c i t o n  l i n e s ,  and the n=2 m e m b e r s  of  

such series can be seen c l e a r l y  i n  the r e f l e c t a n c e  spectral8 o f  K I  

and R b I ,  f o r  example. I n  t h e  p r e s e n t  work, the n=2 s t a t e s  appear  

on ly  weakly i n  N a C l  (Fig.  3) because o f  the d a t a  s c a t t e r ;  t h e y  a r e  

more c l e a r l y  apparent  i n  KC1 ( F i g .  4 ) .  I n  the C 2  s p e c t r a  (F igs .  5 

and 6 )  the pos i t i ons  of the n=2 s ta tes  a t  77OK a r e  8 . 7 1  2 0.02 e V  

and 8.88 2 0.02 e V  f o r  NaC1 ,  and 8.45 

f o r  KC1. The s p l i t t i n g s  (0.17 2 0.04 e V  f o r  NaCl and 0.12 - + 0.02 e V  

f o r  KC1)  a r e  c o n s i s t e n t  w i t h  the  i n t e r p r e t a t i o n  given above. Although 

a p u r e l y  Wannier-like e x c i t o n  p i c t u r e  i s  i n a p p r o p r i a t e ,  the appear- 

ance of the n=2 m e m b e r s  permits r easonab le  e s t i m a t e s  of  the 

e n e r g i e s  a s s o c i a t e d  wi th  the d i r e c t  inter-band edges. On t h i s  

b a s i s ,  EnP  t h e  energy of  the nth e x c i t o n  m e m b e r ,  i s  g iven  i n  t e r m s  

of the band-gap, EG, and the exc i ton  b i n d i n g  energy,  B, b y  the 

Even though t h e  e x c i t o n s  

0.02 e V  and 8.57 2 0.02 e V  

expres s ion  

The e x c i t o n  

band levels 

(1) 
2 En = EG - B/n . 

a s s o c i a t e d  w i t h  t h e  upper (J=3/2) o f  the rI5 va lence  

h a s  a b i n d i n g  energy of 1.05 eV accord ing  t o  Eq.  (1). 

If  w e  assume the o p t i c a l  v a l u e  of 1.544 i s  a p p r o p r i a t e  f o r  the 

d i e l e c t r i c  c o n s t a n t  of N a C l  dur ing  the e x c i t o n  t r a n s i t i o n ,  t h e n  

the r15 (j=3/2) e x c i t o n  has a reduced m a s s  r a t i o  of  0.44 and an 

e f f e c t i v e  r a d i u s  of 2.9 A' 

2 . 8 1  A'). For KC1, the corresponding exciton h a s  a b i n d i n g  energy  

o f  0.95 eV,  a reduced mass r a t i o  o f  0.34 and an e f f e c t i v e  r a d i u s  

of 3.4 A' 

( c f .  the i n t e r - i o n i c  spac ing  i n  NaC1,  

(cf. the i n t e r - i o n i c  spac ing  i n  KC1,  3.14 A'). 
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Values for  the o s c i l l a t o r  s t r e n g t h s  of the e x c i t o n  t r a n s i t i o n s  

w e r e  o b t a i n e d  by a c lass ical  d i s p e r s i o n  f i t  t o  the exper imenta l  

peaks.  

the r e l a t i v e  i n t e n s i t i e s  of t h e  j = 3/28 1/2 t r a n s i t i o n s .  For 

N a C 1 ,  t h e  j = 3/2 m e m b e r  of r exc i ton  doub le t  has an o s c i l l a t o r  

s t r e n g t h  of  about  0.21 per mole, w h i l e  the j = 1/2 m e m b e r  i s  almost  

as s t r o n g  (0.19 per m o l e ) .  The cor responding  v a l u e s  for K C 1  are 

l a r g e r ,  b e i n g  0.31 and 0.38 r e s p e c t i v e l y .  For pure  j-j coup l ing  

the i n t e n s i t y  r a t i o  should be 2 : l  for  the doub le t  components. The 

p r e s e n t  v a l u e s  (1.l:l f o r  NaCl and 0.8:l f o r  KC1)  a r e  o n l y  approx- 

imate b u t  a r e  s u f f i c i e n t l y  d i f f e r e n t  f r o m  2:l t o  i n d i c a t e  t h a t  the 

exchange i n t e r a c t i o n  between the  e l e c t r o n  and h o l e  i s  s i g n i f i c a n t .  

A d e t a i l e d  d i s c u s s i o n  of the e f f e c t s  o f  s p i n - o r b i t  and e l ec t ron -ho le  

exchange i n t e r a c t i o n s  on exc i ton  s t a t e s  i n  the a l k a l i  halides h a s  

r e c e n t l y  been g iven  by  Onodera and Toyozawa. 

This  procedure  i s  crude b u t  p rov ides  a rough gu ide  t o  

19 

B. In t e rband  T r a n s i t i o n s  

A s  no ted  i n  the i n t r o d u c t i o n ,  the r e f l e c t a n c e  spectrum of 
2,8810 

NaCl (Fig.  1) i s  remarkably similar t o  t h a t  o f  M g O .  Both 

c r y s t a l s  a r e  face-centered  cubic  s t r u c t u r e s ,  p o s s e s s i n g  s i m i l a r  

B r i l l o u i n  zones, and this ,  t o g e t h e r  w i t h  the r e l a t i v e  p o s i t i o n s  

of the c o n s t i t u e n t  e lements  i n  the periodic table,  s u g g e s t s  t h a t  

the e l e c t r o n i c  band s t r u c t u r e s  may d i f f e r  o n l y  i n  minor 

respects. There have been very f e w  band- s t ruc tu re  c a l c u l a t i o n s  
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22 f o r  NaC1 ,  2 0 0 2 1 0 2 2  and those of Shockley2' and C a s e l l a  

ce rned  on ly  w i t h  the va lence  bands. 

c u l a t i o n  of conduct ion band l e v e l s  h a s  been c r i t i c i z e d .  

pose i n  the p r e s e n t  s e c t i o n  i s  t o  i d e n t i f y  the i n t e r b a n d  t r a n s i -  

t i o n s  observed i n  NaCl as  f a r  as  possible on the assumption of an 

MgO-like band s t r u c t u r e . '  

extended t o  K C l ,  where the d-bands are l o w e r  t han  i n  NaCl and 

complicate the conduct ion band s t r u c t u r e .  

w e r e  con- 

The v a l i d i t y  of Tibbsu2 '  c a l -  

Our pur- 

This t r e a t m e n t  w i l l  t hen  be f u r t h e r  

The d ie lec t r ic  parameters  of N a C 1 ,  as  computed v i a  a 

Kramers-Kronig a n a l y s i s  of  the r e f l e c t a n c e  d a t a  of F ig .  1, are 

p r e s e n t e d  i n  F i g .  7 .  

seen i n  r e f l e c t a n c e ,  b u t  o n l y  the  c 2  l i n e  shapes a r e  d i r e c t l y  

r e l a t e d  t o  the j o i n t  d e n s i t y  of s t a t e s .  A schematic diagram of 

B o t h  c1 and c 2  p r e s e r v e  the s p e c t r a l  f e a t u r e s  

a band s t r u c t u r e  for  NaC1, based upon t h a t  of M g O ,  i s  shown i n  

F ig .  8. Although the energy s c a l e  i s  a r b i t r a r y ,  the energy gaps 

w h i c h  w e r e  determined from the p r e s e n t  d a t a  are drawn approximately 

t o  s c a l e .  The correct o r d e r i n g  of c e r t a i n  of the conduct ion band 

levels i s  n o t  k n o ~ , a n d  the p r e s e n t  d a t a  are i n s u f f i c i e n t  t o  

de termine  whether the second conduction band level  a t  L is  i n  

f a c t  L3' rather than  L1, f o r  example. 

however, we  assume t h a t ,  a t  the symmetry p o i n t s  shown0 the 

By analogy w i t h  M g O ,  

l o w e s t  conduct ion band l e v e l s  a r e  predominant ly  s - l i k e ,  and the 

n e x t  conduct ion band leve ls  a r e  p r imar ly  d-like. 

The c o n t r i b u t i o n  t o  c2 ,  for d i r e c t  i n t e r b a n d  t r a n s i t i o n s  
23 

w h e r e  l i fe t ime broadening has been neg lec t ed ,  may be expressed  

by the r e l a t i o n  
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where 

- 1 3  - 

2 2 
3m 

<k, i Iplk, j> I 
E i j  

f i j ( k )  = - I (3)  

i s  the i n t e r b a n d  o s c i l l a t o r  s t rength,  S i s  a s u r f a c e  of  c o n s t a n t  

i n t e r b a n d  energy, i s  the volume of the B r i l l o u i n  zone, and the 

i n t e r b a n d  energy E = E - Ei. For  m a t e r i a l s  such a s  NaC1, it i s  

n o t  expec ted  t h a t  f i j ( k )  i s  a s t rongly-vary ing  f u n c t i o n ,  and we  

t h e r e f o r e  assume tha t  the dominant s t r u c t u r e  i n  c 2  i s  determined 

by the c r i t i c a l  p o i n t s  where the  i n t e g r a n d  i n  Eq. (2) van i shes .  

The n a t u r e  of such c r i t i c a l  p o i n t s ,  or Van Hove s i n g u l a r i t i e s ,  i s  

now w e l l  e s t a b l i s h e d  16824'25 and we  s h a l l  adopt  the nomenclature 

i n  c u r r e n t  use ,  i . e . ,  Mot Mi, M2, and M3 for  the p r i n c i p a l  edge 

types .  P a r a b o l i c , o r  Mo, edges appear  i n  F ig .  7 a t  about  9.5 e V ,  

10.5 eV,  11.8 e V ,  12.9 e V ,  and i n  the 14-15 e V  r eg ion  and above. 

The Mo edges produced by the r15 -, rl t r a n s i t i o n  have a l r e a d y  been 

d i s c u s s e d  above w i t h  the exc i ton  f e a t u r e s ,  and the energy gaps a t  

77OK a r e  8.97 2 0.07 eV, f o r  t h e  t r a n s i t i o n  t o  rl from the upper 

s p i n - o r b i t  s p l i t  r15 l e v e l ,  and 9.16 5 0.07 e V  f o r  t h e  t r a n s i t i o n  

from r15 (I=*). 

a t  p o i n t s  other than  r, w a s  t oo  sma l l  t o  be observed i n  the p r e s e n t  

spectrum and w i l l  n o t  be d i scussed  f u r t h e r .  

the L3 + L2' t r a n s i t i o n  t o  occur a t  e n e r g i e s  below t h a t  r e q u i r e d  

f o r  the f i r s t  t r a n s i t i o n  a t  X, Le., X51 

i j  j 

Sp in -o rb i t  s p l i t t i n g  of the highest va lence  band, 

As i n  M g O ,  we expec t  

XI. The s t r o n g  peak a t  
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1 1 . 2  eV i n  the NaCl spectrum i s  d i r ec t ly  analogous t o  a similar 

feature  i n  the MgO spectrum. The l a t t e r  peak arose from near- 2 

degeneracies of M1 and M2 edges corresponding t o  t rans i t ions  

a t  h and C respectively, preceded by the strong Mo edge from the 

X5' + X1 t rans i t ion .  

10.5 - + 0 . 2  eV t o  the X5' + X1 t ransi t ion,  which produces the 

strong increase i n  c 2  beyond the m i n i m u m  near 10.5 eV. 

A s +  Al t rans i t ion  produces an M1 edge a t  11.0 - + 0.2 eV followed 

by the c4 + El, M2 edge a t  11.4 + 0 . 2  eV. 

0.3 eV i s  assigned t o  L3 * L2', and the M1 c r i t i c a l  point due 

t o  the hyperbolic edge a t  h g i v e s  a value of 10.0 - + 0.3 eV t o  

the 5 + 5 t rans i t ion .  

On t h i s  basis  w e  assign a value of 

The 

A value of 9.5 & 

I t  should be noted tha t  excitons are  not necessarily 

confined t o  r, although i f  the lowest interband t rans i t ion  occurs 

here, then excitons a t  X, for  example, may be scat tered rather  

eas i ly  a t  the interband threshold and be markedly life-time 

broadened. The data of Figs. 3 and 5 do indicate  some temperature 

dependence a t  X, and i f  excitons a re  indeed present (near 10  ev) ,  

then the contributions t o  c 2  predicted by future  band-structure 

calculat ions should be smaller than observed experimentally i n  

t h i s  region. Modulated reflectance studies i n  the 10 eV region 

should also resolve spin-orbit s p l i t  s t ruc ture  (due t o  a valence 

band s p l i t t i n g  of about 0.07 eV a t  X5') associated w i t h  the 

exciton: a similar s p l i t t i n g  should a l so  appear near 10.5 eV due t o  

the d i r e c t  interband t rans i t ion ,  X5'+ X1. 
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By us ing  the M g O  analogy we have now i d e n t i f i e d . a l 1  the 

b a s i c  f e a t u r e s  b e l o w  12 e V  i n  t e r m s  of e x c i t o n  and i n t e r b a n d  

t r a n s i t i o n s  invo lv ing  the h i g h e s t  va l ence  band and the l o w e s t  

conduct ion band. 

conduct ion band are more d i f f i c u l t  t o  i d e n t i f y  u s i n g  on ly  the 

p r e s e n t  d a t a .  

In t e rband  t r a n s i t i o n s  t o  t h e  n e x t  higher 

The i n c r e a s e  i n  c (Fig.  7 )  beyond t h e  A ,  E peak probably  2 
arises f r o m  t r a n s i t i o n s  a t  X, by d i rec t  analogy w i t h  the correspond- 

i n g  f e a t u r e  i n  M g O .  

t o  t h e  X5' + X t r a n s i t i o n ;  the conduct ion band s e p a r a t i o n  a t  X 

between X1 and X3 is  t h e r e f o r e  1.3 + 0.4 eV.  

i t i o n  may be responsible for the  s t r o n g  i n c r e a s e  i n  c2 a t  12 .9  + 0.2 eV. 

The spectrum beyond 12 e V  shows ev idence  of cons ide rab le ,  b u t  p o o r l y  

r e so lved ,  s t r u c t u r e .  I d e n t i f i c a t i o n  of c r i t i c a l  p o i n t s  i s  there- 

fore  d i f f i c u l t  and must a w a i t  modulated r e f l e c t a n c e  s t u d i e s  i n  

t h i s  r eg ion .  The s t r o n g  f e a t u r e s  remaining a r e  the t w o  s t r u c t u r e s  

w i t h  peaks nea r  12.3 e V  and 13.5 e V  r e s p e c t i v e l y .  Judging f r o m  the 

weakness of the s t r u c t u r e  beyond 15 eV,  w e  believe t h a t  m o s t  of the 

osc i l l a to r  s t r e n g t h  a s s o c i a t e d  w i t h  i n t e r b a n d  t r a n s i t i o n s  t o  the 

lowest t w o  conduct ion bands h a s  been exhausted b e l o w  1 5  e V .  The 

Mo edge a s s o c i a t e d  w i t h  t h e  r15 r25' t r a n s i t i o n  should t h e r e f o r e  

be l o c a t e d  i n  the 12-14 e V  region.  

mentioned above, i s  v e r y  s t rong ,  and it i s  possible tha t  r15 + r,,' 
i s  near-degenerate  w i t h  L3 + L3'. 

of 13.2 - + 0.3 e V  t o  t h e  rlS4 rZ5' t r a n s i t i o n .  

e i ther  o f  the peaks a t  1 2 . 3  e V  and 13.5 e V  a r i s e s  from on ly  t w o  o r  

On t h i s  b a s i s  we give a v a l u e  of 11.8 + 0.2 e V  - 

3 
The L3 + L3' t r a n s -  - 

- 

The i n c r e a s e  i n  c 2  n e a r  12.9 e V ,  

W e  t e n t a t i v e l y  a s s i g n  a v a l u e  

I t  is d o u b t f u l  i f  
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three critical points, although M1 and M2 edges probably produce 

the dominant structure. In the MgO. spectrum," a peak occurs at 

16.8 eV followed by a second at 17.3 eV. We believe that the 

transitions responsible for these structures' are probably those 

producing the analogous features in NaC1. 

along h and E: in particular, M edges arise from 

+ El. h + A21 and Z4 

and X (X4' + X3). 

degeneracy of these edges with M2 edges due to transitions along A 

c3 -, El, E4 - C2 and El + El). 3 and C (for example, 

to be present just below 13 eV and 14 eV respectively; they may be 

associated with transitions at h and A (A3 - A3). A more detailed 

investigation necessitates better resolved data and an improved 

band-structure calculation, 

Saddle-point edges occur 

% - % 1 
Similar edges also occur at L (L 

+ L21) 1 5 
The peaks observed are probably due to near- 

M edges appear 

Differences between the KC1 and NaCl spectra (Figs. 7 and 

9) are more marked than in the case of NaCl and MgO. The most 

notable dissimilarity is the strong peak at 9.3 eV in the KC1 

spectrum. This peak is quite temperature-dependent (Figs. 4 

and 6 )  and we believe it is excitonic in origin. There have re- 

cently been several band-structure calculations for KC1 

a particularly interesting feature of the conduction-band studies 27,28 

is that the X3 level is actually lower than X 

X3 to be lower (relative to X1) in KC1 than NaCl if only because 

d-like states are more easily accesible in the K+ ion than in Na . 
The effect is so marked at X however, that the d-like (X3) and 

26,27,28 and 

One might expect 1' 

+ 
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s - l i k e  (X1) l e v e l s  are inve r t ed .  The u s u a l  o r d e r i n g  appears  t o  

be p rese rved  a t  the o t h e r  main symmetry p o i n t s  i n  the B r i l l o u i n  

zone, and t h e  schematic  diagram given i n  Fig.  8 reflects the above 

informat ion .  Aga in  we emphasize t h a t  the bands shown are drawn 

on ly  approximately t o  s c a l e ,  and a r e  i n d i c a t e d  merely fo r  convenience 

when r e f e r r i n g  t o  i n t e r b a n d  t r a n s i t i o n s .  

W e  sugges t  t h a t  the peak i n  the c 2  spectrum a t  9.30 + - 
0.03 e V  i s  due t o  an e x c i t o n  a s s o c i a t e d  w i t h  the X ' -, X t r a n s -  

i t i o n .  There i s  no  

c lear  evidence of s p i n - o r b i t  s p l i t t i n g  i n  the s t r u c t u r e ,  nor  of 

n=2 e x c i t o n  l i n e s  (a l though these would be ve ry  weak i n  any case): 

5 3 
A t  77OK, t h e  peak moves t o  9.38 2 0.03 eV.  

modulated r e f l e c t a n c e  work should resolve these f e a t u r e s .  W e  place 

the a s s o c i a t e d  Mo s c a t t e r i n g  edge (X ' .-) X3) a t  9.9 & 0 . 1  eV.  

The remainder of the spectrum b e l o w  10 e V  i s  d i r e c t l y  analogous 

t o  t h a t  of NaC1. 

5 

U s e  of Eq. (1) i n  t h e  preceding s e c t i o n  gives v a l u e s  for  

the smallest band-gap of 8.69 - + 0.07 e V  (77OK) f o r  t h e  r15(3/2) + rl 
t r a n s i t i o n  and 8.81 - + 0.07 eV f o r  r15(1/2) + r,. The L3 + L21 

t r a n s i t i o n  gives an Mo edge a t  9.0 - + 0 . 2  eV,  fol lowed by  the 

% + i$ t r a n s i t i o n  j u s t  above 9 eV.  The M1 edge due t o  t h e  A 

t r a n s i t i o n  i s  masked by  the X exc i ton  s t r u c t u r e ,  b u t  we estimate 

i t s  p o s i t i o n  a t  9.2 - + 0.2 e V .  The f e a t u r e  nea r  10.4 e V  may be due 

t o  a M1 edge, i n  which c a s e  the A 5 +  4 t r a n s i t i o n  i s  a p o s s i b l e  

i n t e r p r e t a t i o n .  On the other hand the 4, C t r a n s i t i o n s  produced a 

v e r y  s t r o n g  peak i n  NaC1,  and the s t r u c t u r e  nea r  12.5 e V  may be 

the d i r e c t  analogy. This assumption would place A5+ 4 a t  12.3 - + 
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0.2 e V ,  and E4 

s h a l l  d i s c u s s  o b j e c t i o n s  t o  th i s ,  b e l o w .  

p robably  r e s p o n s i b l e  f o r  the increase i n  C 2  nea r  11 eV,  and we 

a s s i g n  t o  it a va lue  of 10.9 + 0.3 eV.  

of the i n v e r s i o n  of the  X 

may occur  a t  l o w e r  e n e r g i e s  than A 5 +  A l  8 and produce an M1 edge 

a t  10.3 - + 0.2 eV.  The parabolic (Mo) edges produced by the r15 + 

r251 and L3 + L3' t r a n s i t i o n s  a r e  n o t  c l e a r l y  r e so lved ,  b u t  must 

account  f o r  par t  of the ve ry  s t r o n g  i n c r e a s e  i n  c i n  the 11-12 eV 

reg ion .  W e  t e n t a t i v e l y  sugges t  v a l u e s  of 1 1 . 2  + 0.4 e V  (L3 -. L 3 ' )  

and 11.6 + 0.5 e V  (r15 + r 
however, t h a t  i f  r15 -, r 25 
the M 

a s  due t o  the p r e v i o u s l y  mentioned A t r a n s i t i o n  ( A 5 *  hl). 

l a t t e r  would m o r e  p robably  l i e  n e a r  11.1 2 0.2 eV.  

C4 + El more probably l i e s  near  10.5 eV,  t h e  M 

obscured by ne ighbor ing  t r a n s i t i o n s .  

c ( g i v i n g  an M2 edge) a t  12.5 + 0.2 eV,  b u t  we 1 - 
The X5'  + X1 t r a n s i t i o n  i s  

I t  i s  possible t h a t ,  because - 
X3 levels, t h e  A 5  A2' t r a n s i t i o n  1' 

2 

- 
' )  for  t h e s e  t r a n s i t i o n s .  N o t e ,  25 

I l i e s  b e l o w  1 2  e V  a s  suggested,  then  

- 

edge a t  12.3 + 0.2 e V  can no longe r  be regarded  s a t i s f a c t o r i l y  - 1 
The 

S i m i l a r l y ,  

edge be ing  2 

The ve ry  s t r o n g  fal l -off  i n  C 2  beyond 12.5 e V ,  and extend- 

i n g  several eV,  i n d i c a t e s  t h a t  m o s t  of the o s c i l l a t o r  s t r e n g t h  

a v a i l a b l e  f o r  t r a n s i t i o n s  t o  t h e  l o w e s t  t w o  conduct ion bands i s  

exhausted,  i .e . ,  t h e  prominent t r a n s i t i o n s  occur  a t  energies b e l o w  

1 3  e V .  The e f f e c t  of the low-lying d-band i n  K C 1  i s  therefore n o t  

on ly  t o  i n v e r t  the X1 and X3 l e v e l s ,  b u t  t o  c l u s t e r  c r i t i c a l  p o i n t s  

i n  a smaller  energy r eg ion  t h a n  i n  NaC1. The t r a n s i t i o n s  w h i c h  

produced the three s t r o n g  features i n  the 10.5-14 e V  r eg ion  o f  

the N a C l  spectrum (Fig.  7 ) 8  a r e  s u f f i c i e n t l y  close i n  energy  i n  
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K C 1  t o  produce the s i n g l e  broad hump peaking a t  12.4 eV. 

p r e s e n t  d a t a  do n o t  permit a more d e t a i l e d  a n a l y s i s  a t  t h i s  stage, 

b u t  it i s  possible t h a t  t h e  i n c r e a s e  i n  C 2  beyond 16 e V  marks the 

o n s e t  of t r a n s i t i o n s  f r o m  t h e  va lence  band t o  the t h i r d  conduct ion 

band levels ,  such as r15 + r12 and X5' + X2. 

The 

C. Plasma Effects  

There have r e c e n t l y  been s e v e r a l  s t u d i e s  o f  the energy 
29-31,33-35 losses s u f f e r e d  by e l e c t r o n  beams s c a t t e r e d  from b o t h  N a C l  

and K C 1  29031-35. 

f i l m s  and bu lk  c r y s t a l s .  ??le energy d i s t r i b u t i o n  of the s c a t t e r e d  

e l e c t r o n s  i s  determined p r i m a r i l y  by the f u n c t i o n  I m ( l / € ) ,  where 

2 i s  the d i e l e c t r i c  c o n s t a n t  of the m a t e r i a l  and refers t o  the 

l o n g i t u d i n a l  e l e c t r o n - e l e c t r o n  i n t e r a c t i o n .  The t r a n s v e r s e  

Such work has inc luded  s t u d i e s  on both t h i n  

A 

die lec t r ic  response,  fo r  photon-electron i n t e r a c t i o n s ,  can be shown 

t o  be v e r y  s i m i l a r ,  w i t h i n  the random phase approximation and i n  

the long  wavelength l i m i t .  36 

between the I m ( l / ; )  f u n c t i o n  computed from the o p t i c a l  d a t a  and the 

d i r e c t l y  measured e l e c t r o n  energy loss s p e c t r a ;  

W e  therefore expec t  s imi l a r i t i e s  

W e  have computed Irn(l/;) fo r  both m a t e r i a l s  and p r e s e n t  

the spectra i n  Figs. 10 and 11. For comparison, we a l s o  show, by  

means of the broken curves ,  t h e  character is t ic  e l e c t r o n  energy  l o s s  

spectra measured d i r e c t l y  by Creuzburg. 29 The resemblance be tween  

the N a C l  spectra i s  remarkable, n o t  o n l y  i n  t h e  one-to-one corre- 

spondence o f  spectral f e a t u r e s  b e l o w  18 eV,  b u t  a l s o  i n  the 
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s i m i l a r i t i e s  of absolute magnitude. Creuzburg' s data were obtained 

from transmission work on thin f i l m s  and employed a 50 keV electron 

beam. 
30,35 i n  the opt ica l  data are  not c lear  (some of the electron l o s s  data 

do indicate weak s t ructure  however). 

film data are  not en t i r e ly  typical of the bulk material. On the 

other hand, the computed values of I m ( l / : )  a re  very sens i t ive  t o  

var ia t ions i n  c 

beyond 18 eV. 

The reasons f o r  the appearance of s t ruc ture  beyond 18 eV 

I t  i s  possible t h a t  the t h i n  

and c2 when the l a t t e r  are  small, as  i s  the case 1 

I t  i s  c lear ,  by comparing Figs. 7 and 1 0 ,  t h a t  most of 

the bands i n  the Im(l / : )  spectrum correspond d i r ec t ly  t o  features 

i n  €28 and are  therefore due t o  one-electron exci ta t ions as de- 

scribed i n  section B. 

strong band near 16 eV. This has  a peak a t  16.1 + 0.1  eV i n  the 

photon data, and a t  15.0 eV i n  the electron data. Other electron 

loss data 30031'33-35 variously estimated the peak t o  be a t  15.5 eV 

o r  s l i g h t l y  above. I t s  asymmetry and strength a re  observed i n  a l l  

the reported electron energy l o s s  spectra. There i s  no correspond- 

ing feature  i n  the c 9  spectrum, and it i s  reasonable t o  assume t h a t  

The dominant feature  in 'F ig .  10 i s  the very 

- 

L 

t h i s  energy loss i s  primarily due t o  

excitation. For f ree  electrons, the 

many-electron o r  plasma 

plasma frequency for  resonance, 

where N i s  the density of electrons par t ic ipa t ing  i n  the co l lec t ive  

excitation. Although the valence electrons cannot be considered 

as ' f r e e '  , application of Eq. (4) 8 w i t h  o = 16.1 e ~ ,  y i e l d s  a value P 
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of about  8 for  the number of e l e c t r o n s  per molecule p a r t i c i p a t i n g  

i n  the e x c i t a t i o n .  Although most of t h e  o s c i l l a t o r  strength 

a v a i l a b l e  f o r  d i r e c t  one-electron t r a n s i t i o n s  from the va lence  

band has been exhausted i n  the region below 15  e V  (see preceding  

s e c t i o n ) ,  i n t e rband  t r a n s i t i o n s  are s u f f i c i e n t l y  close, ene rge t -  

i c a l l y ,  t o  s h i f t  the plasma frequency f r o m  i t s  free e l e c t r o n  v a l u e  

i n  any c a s e .  3 7 0  38 The i r  presence probably e x p l a i n s  much of the 

asymmetry and s t r u c t u r e  i n  the main resonance band. 

I n  t h e  c a s e  of K C 1  (Fig.  ll), the agreement be tween  the 

photon d a t a  and Creuzburg ' s  e l e c t r o n  loss  data2'  i s  extremely good 

i n  t e r m s  o f  s p e c t r a l  f e a t u r e s .  There i s  a d iscrepancy  i n  the 

a b s o l u t e  i n t e n s i t y ,  however: the  broken curve  r e p r e s e n t s  the 

electron d a t a  reduced by a f a c t o r  of  about  0 .7 .  A s  i n  the case of 

NaC1, the m a j o r i t y  o f  the peaks and shou lde r s  i n  I m ( l / i )  a r e  

r e l a t e d  t o  s imi l a r  f e a t u r e s  i n  the c 2  spectrum (Fig .  9), and 

r e s u l t  f r o m  d i rec t  i n t e r b a n d  t r a n s i t i o n s .  The main peak i n  I m  

(l/c), l y i n g  a t  1 4 . 1  2 0 . 1  eV, h a s  no c o u n t e r p a r t  i n  the c 2  spec- 

trum and should be i n t e r p r e t e d  a s  due t o  a plasma resonance. The 

A 

peak occur s  a t  13.9 e V  i n  Creuzburg 's  d a t a ,  and a t  about  the same 

31-35 U s e  of Eq. (4), w i t h  W = 14.1 e V ,  energy i n  the other reports. 

gives a va lue  of j u s t  under 9 f o r  the number of "free e l e c t r o n s "  
P 

per molecule.  As i n  the case of NaC1, i n t e r b a n d  t r a n s i t i o n s  a r e  

s t i l l  t o o  strong i n  t h i s  energy r e g i o n  (the c 2  spectrum c o n t a i n s  

a s t r o n g  peak a t  1 2 . 5  ev) f o r  much s i g n i f i c a n c e  t o  be a t t a c h e d  t o  

t h i s  va lue ,  however. 



4.  Summary 

We have obtained the reflectance spectra of c rys t a l l i ne  

NaCl and KC1, and used a dispersion analysis t o  generate the 

c 2  spectra. The s imi l a r i t i e s  between these spectra (par t icular ly  

t h a t  of NaC1) and t h a t  of MgO lo 

the spectra could be attempted on the bas i s  of the band-structure 

of MgO. 2 8 9  

NaCl spectrum could be explained on t h i s  assumption. Extension 

t o  K C 1  was d i f f i c u l t  u n t i l  the marked lowering of the d-like 

conduction bands and the introduction of an exciton a t  X were taken 

in to  account. The prominent low-energy features were then ident i -  

suggested t h a t  an analysis of 

A l l  of the prominent s t ructure  below 14 eV i n  the 

f i ab le  as i n  the case of NaC1. We show the main t rans i t ions  

responsible for  the strongest features of the low energy spectra 

MgO, NaCl and K C 1  i n  Table 1. I t  should be emphasized t h a t  the 

extent t o  which our analysis i s  correct  i s  a measure of how well 

similar features i n  the experimentally observed spectra may be 

regarded as d i r ec t ly  analogous t o  each other. There i s  a c l ea r  

need f o r  b e t t e r  resolution i n  the experimental data before more 

detai led ident i f ica t ion  can be made, par t icu lar ly  i n  the region 

beyond 1 2  eV. Some form of modulated reflectance technique may 

solve t h i s  problem, although there a re  several experimental 

d i f f i c u l t i e s  i n  using such methods i n  the f a r  u l t r av io l e t .  

of 
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TABLE CAPTIONS 

Table I. Low-energy interband transitions in 

MgO, NaCl and KC1, responsible for 

the analogous features in their 

optical spectra. 
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Band T r a n s i t i o n  
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C r i t i c a l  Po in t  

Observed Energy (eV) 
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FiGQIIE: CAPTIONS 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Reflectance spectrum of freshly-cleaved sodium 

chloride a t  room temperature. The measurements 

were made a t  near-normal incidence (8 ) .  

Reflectance spectrum of freshly cleaved potassium 

chloride a t  room temperature. 

Temperature dependence of the reflectance spectrum 

of NaCl below 11 eV. 

Temperature dependence of the reflectance spectrum 

of K C 1  below 11.5 eV. 

The € 2  spectrum Selow 11 eV fo r  NaC1, as derived 

from a Kramers-Kronig analysis of reflectance data. 

Temperature dependence of the c 2  s2ectrum beiow 11 e V  

for  K C 1 ,  as derived from reflectance data. 

The d i e l e c t r i c  parameters, cl and € 2 ,  of NaC1. The 

absolute magnitudes shown f o r  the data beyond 25 eV 

are  uncertain, because of asproximations i n  the  

computation procedure. 

Schematic band-structure diagrams f o r  NaCl and KC1. 

The energy Levels are  only approximately t o  scale.  

The d i e l e c t r i c  parameters, €1 and c2,  of K C 1  below 

25 eV a t  300°K. 

0 
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Figure  Capt ions ,  Con ' t .  

Fig.  10 

Fig.  11 

h 

The energy loss func t ion ,  I m ( l / c ) ,  f o r  NaC1, d e r i v e d  

from a d i s p e r s i o n  a n a l y s i s  of t h e  o p t i c a l  r e f l e c t a n c e  

d a t a  of  F ig .  1. 

The energy loss func t ion ,  I m ( l / € ) ,  f o r  KC1, der ived  

from a d i s p e r s i o n  a n a l y s i s  of  the o p t i c a l  r e f l e c t a n c e  

* 

d a t a  of  Fig.  2. 
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